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proteins, and small nuclear ribonucleoprotein 
particles (snoRNPs). The third stage is the 
cleavage of the 35S RNA at ITS1 separating the 
two presubunit ‘processomes’, which follow dis-
tinct maturation pathways, and the fourth stage 
is subunit-specific maturation and consequent 
nuclear export.

Owing to spatiotemporal dynamics, the 
processome has eluded attempts to character-
ize it structurally by X-ray crystallography over 
many years. Meanwhile, tagging and analyz-
ing pre-rRNAs mimicking natural stages of 
ribosome biogenesis provided biochemical 
insights4–6. These analyses demonstrated that 
the 5′ ETS nucleates a 2-MDa complex with 
at least 26 proteins, including the autonomous 
subcomplexes UtpA, UtpB, Mpp10 and U3 
snoRNP, and shed light on the stage-specific 
order in which assembly factors associate 
with pre-rRNA domains. It was further dem-
onstrated that when the 18S-pre-rRNA is 
nearly complete, the U3 snoRNP and at least 
14 additional protein factors are released, an 
unprecedented reorganization of the struc-
ture. Finally, the UtpA and UtpB complexes 
were identified as RNA chaperones for the 
5′ pre-rRNA, and it was shown that a duplex 
forms between 5′-ETS-U3snoRNA-3′ and 18S-
pre-rRNA. When breakthroughs in cryo-EM 
technology finally broke the impasse, the accu-
mulated biochemical data were instrumental 
in putting the structural information in the 
biological context.

Klinge and colleagues have previously 
determined the structure of the processome to 
5.1-Å resolution7, and building on this previ-
ous experience, they employed nutrient starva-
tion to trap and isolate the early Saccharomyces 
cerevisiae processome through tandem affin-
ity purification of Noc4. Now, they present an 
overall 3.8-Å-resolution structure from a total 

Remarkable advances in our understanding of 
protein translation have been possible thanks to 
structural biology studies revealing molecular 
mechanisms of how ribosomes synthesize pro-
teins through a series of highly regulated steps. 
The efficiency, speed and control of this process 
relies on the structural complexity of the ribo-
some, which in eukaryotes is composed of ~79 
proteins and four rRNAs. Exactly how these 
ribosomal components are folded and com-
bined into self-ruling, multifunctional units 
remains a fundamental question. Barandun  
et al.1 and Cheng et al.2, together with the recent 
work of Sun et al.3, visualize the processome by 
cryo-EM and report how the small subunit of 
the eukaryotic ribosome comes to be.

Yeast cytoplasmic ribosomes contain a 
small subunit, consisting of 18S rRNA and 33 
proteins, which decodes mRNA, and a large 
subunit, consisting of 25S, 5S and 5.8S rRNAs 
and 46 proteins, which catalyzes peptide-bond 
formation. The process of ribosome biogenesis 
can be compartmentalized into four stages. The 
first stage is the transcription of the 35S rDNA, 
the single precursor combining 18S, 25S and 
5.8S, flanked by 5′ and 3′ external spacers (5′ 
ETS, 3′ ETS) and containing two internal spac-
ers (ITS1, ITS2); the 5S rDNA is transcribed 
separately. Second is the cotranscriptional, 
sequential and hierarchical recruitment of 
factors onto the 35S, which fold and stabilize 
the nascent RNA. This includes nucleases, heli-
cases, chaperone‐like factors, some ribosomal 
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Assembly of the small ribosomal subunit from an RNA strand and 33 proteins is an intricate and dynamic process. 
Two cryo-EM studies now provide insight into a complicated complex of at least 51 trans-factors that act on the 
preribosomal small subunit to sequentially fold it into a 3D molecular machine.
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of 284,000 particles and a subset of 124,000 
particles obtained through masking the head 
and Utp20 region that yielded a class with an 
overall resolution of 4.1 Å. This has produced 
the most complete model, composed of 51 
trans-acting factors, 15 ribosomal proteins 
and three RNAs (5′ ETS, 18S-pre-rRNA, U3 
snoRNA).

Beckmann, Hurt and colleagues improved 
the resolution of their previously reported 
structure of the Chaetomium thermophilum 
processome from 7.3 Å8 to 3.2 Å, obtained using 
231,000 particles, carefully filtered from 1.3 mil-
lion initially picked particles. C. thermophilum  
is a thermophilic fungus that has been deployed 
by Hurt and colleagues to obtain structures of 
challenging complexes9.

Finally, Ye and colleagues employed two 
distinct approaches to stall maturation and 
improve the quality of the structural data of 
the S. cerevisiae processome. They used either 
Noc4-TAP as a bait protein or a helicase Dhr1/
Mtr4 deletion strain with Enp1-TAP as a bait 
protein3. Thus, they present several maps with 
the highest resolution up to 4.5 Å, obtained 
from 74,000 particles. The data are combined 
with crystal structures, compensating for 
regions that are less well-resolved.

Collectively, these structures show an intri-
cate design of the processome (Fig. 1). The 
UtpA complex (seven subunits) and UtpB 
complex (six subunits) assemble onto the 5′ 
ETS and are led by the ‘molecular guide’ U3 
snoRNP that pairs the 5′ ETS to the 18S-pre-
rRNA (Fig. 1, stage 2). This architecture defines 
the 5′ ETS as the ‘conductor’ that orchestrates 
the central refolding events. On the one hand, 
it directs two large RNA chaperones (UtpA, 
UtpB), and on the other hand, it ensures that 
all of the central domains of the 18S-pre-rRNA 
are spatially separated and each supported by 
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a set of dedicated factors, allowing their inde-
pendent maturation. Interestingly, a consider-
able portion of many of the dedicated factors 
lacks intrinsic folding.

Not only do the structures reveal a detailed 
depiction, but Barandun et al.1 also propose 
how a quality-control mechanism might work, 
providing a platform for future genetic and bio-
chemical experiments. The factors Sas10 and 
Lcp5 serve as two ‘guards’ of the final stages 
of refolding (Fig. 1, stage 2). Sas10 is bound 
on a site that is mutually exclusive with mature 
ribosomal proteins, whereas Lcp5 is incompat-
ible with the final rRNA fold. Therefore, their 
continuous occupancy ensures that the matu-
ration process pauses to allow rRNA folding. 
Only upon the release of these two factors, the 
subunit core can move toward its functional 
conformation (Fig. 1, stage 3).

mitoribosome assemblies14, the realization that 
it is possible to visualize not only how mature 
ribosomes work but also how they are formed 
heralds an exciting new era in ribosome bio-
genesis. Based on the work of these three labs, 
spatial reasoning suggests multiple, yet to be 
identified states and hints at the possibility of 
novel factors involved.

As it frequently happens in different fields of 
science, dissection of a construction pathway 
is expected not only to provide a road map to 
the final object, but also to offer key principles 
that govern its ultimate function. The current 
structures reform the way we examine ribo-
somes and allow contemplation of questions 
regarding the next level of complexity: How 
are sequential events during ribosome assem-
bly controlled? Has the process been fully 
optimized, or are there deviations that might 
suggest the molecular evolution of ribosomes? 
What assembly codes confine the anatomy of 
the highly conserved ribosomes, and how are 
expansion segments involved in this context? 
How do these segments evolve? To address 
these questions, there is a need to build on 
the current efforts to uncover unknown stable 
states of biogenesis intermediates. To achieve 
this, systematic pulldowns of preribosomes 
through tagging, as presented here, or delet-
ing trans-acting factors and extending struc-
tural studies to other organisms and organelles 
is sensible. In addition, combining these data 
with time-resolved cryo-EM and molecular 
dynamics simulations will be instrumental in 
connecting discrete states. Furthermore, new 
techniques will have to be tailored to visualize 
transient and biochemically unstable states, 
which are also important for a complete under-
standing of the complex process of ribosome 
biogenesis. Given the central role of ribosomes 
to life, we anticipate these efforts to innovate 
methods, propose molecular mechanisms 
and develop applications will have an impact 
beyond the field of translation.

We close with a note on nomenclature. 
Although the three groups1–3 describe essen-
tially similar biochemical complexes, different 
nomenclature has been used (90S preribo-
some versus small-subunit processome). This 
deserves clarification. The term ‘90S particle’ 
was coined in the 1970s by two studies that 
metabolically labeled RNA in chloramphenicol- 
treated yeast and identified a complex that con-
tained 35S RNA15,16. In 2002, what appeared to 
be the same particle, defined as ‘larger than 80S’ 
and containing the early 35S RNA, was charac-
terized by a series of TAP-tag purifications in 
low-salt conditions17. This study surprisingly 
revealed the presence of numerous proteins 
required for small-subunit maturation and an 
apparent lack of large-subunit maturation fac-

A vital question is how the heart of the 
molecule—the central pseudoknot that  
interfaces four domains and confers func-
tion—is folded into its final form. Here, Mpp10 
acts as the ‘housekeeper’, playing crucial roles in 
the remodeling of nucleotides close to helices 44 
and 45. It stimulates partial unwinding, which 
allows the formation of a new linker to helix 
45, resulting in a series of large-scale sequen-
tial refolding events of rRNA domains (Fig. 1, 
stage 3). This unexpected pathway is necessary 
to fold a strand of rRNA into a 3D dynamic 
molecular machine that can decode the  
genetic code.

Milestones in molecular biology are difficult 
to predict, but these structures will certainly 
represent a reference in the translation field. 
Taken together with a parallel depiction of the 
large subunit10–13 and the first snapshots of 
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Figure 1  Dissecting the small ribosomal subunit processome. (1) The structure of the processome, 
containing 51 trans-acting factors, 15 ribosomal proteins and three RNAs (18S-preRNA core is 
depicted in yellow)1. (2) The same protein and RNA content as in (1), but autonomous subcomplexes 
are shown separately, according to their location on the processome. The 5′ ETS is a key element 
stabilizing the intermediate conformation of the 18S-preRNA and keeps the different RNA domains 
separate, allowing independent maturation. Sas10 and Lcp5 might be involved in quality control.  
(3) Major pseudoknot refolding toward functional maturity. Only some reorganizational aspects are 
shown. (4) Mature ribosomal small subunit surrounded by individual proteins associated with it. Images 
were created with PyMOL software (http://www.pymol.org) using PDB 5WLC. 
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tors. The complex that is formed downstream 
of 35S RNA cleavage was initially isolated 
via coimmunoprecipitation with Mpp10 and 
the U3 snoRNA18,19. It sedimented at 80S 
on sucrose gradients with 150 mM KCl and 
was termed the small-subunit processome. 
The processome is associated with the cleav-
age product, consisting of the 18S-pre-rRNA, 
the 5′ ETS and parts of ITS1, as well as pro-
teins required for small-subunit maturation. 
Therefore, the 90S is the earliest-isolated pre-
cursor containing 35S RNA for both subunits, 
whereas the processome is a dynamic complex 
leading to the formation of the small subunit, 
which is reported now1,2. Many new related 
assembly complexes with various sedimen-

tation coefficients will probably be described 
in the near future, including the original 90S. 
Therefore, we view this as a sensible time for 
the ribosome community to consider adopt-
ing a consistent nomenclature for the proces-
some.
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